There is need for bioplastics to replace some of the total petroleum plastics used in the world, and help alleviate environmental pollution. Compounding bioplastics with Polyethylene (PE) or Polylactic acid (PLA) containing a dairy-based bioplastic resulted in composites with good mechanical properties. In this study, mass ratios of a dairy-protein-based material (DBP) ranging from 0, 5, 10 and 20 wt% replaced equivalent masses of PE or PLA in the blends used for injection-molding of ASTM D4065 composite specimens. The PE/DBP composites were moldable up to 20 wt%, but PLA/DBP composites were moldable only up to 10 wt%. PE/DBP and PLA/DBP composites placed in 75% relative humidity chambers absorbed less than 1% moisture after 500 h. Peak melt for PE/DBP composites increased by 2.8 C at 5 wt% DBP and by 4.2 C at 20 wt% DBP; melt enthalpy decreased by 8.1 J/kg at 20 wt% DBP. Peak melt for PLA/DBP composites increased by 3.7 C at 5 wt% DBP and 2.0 C at 10 wt% DBP; melt enthalpy did not change. Cold crystallization of PLA was at 184.9 C, but with 5 wt% DBP at 104.3 C, and 10 wt% DBP at 99.1 C. Storage modulus of PE/DBP decreased by 44 MPa at 5 wt% DBP, and increased by 117 MPa at 20 wt% DBP. Storage modulus of PLA/DBP increased by 210 MPa at 5 wt% DBP, but decreased by 190 MPa at 10 wt% DBP. Adding DBP to PE increased elongation at peak, tensile modulus and impact resistance and flexural modulus at 20 wt%, but decreased peak load at break, flexural modulus between 5 to 10 wt%, and impact resistance at 20 wt%. Impact failure was partial for PE/DBP. Adding DBP to PLA increased stiffness at 5 wt%, but caused complete failure at 10 wt%. The effect of DBP on PE or PLA depended on the quantity added; PE composite properties were generally less negatively affected.
INTRODUCTION
Bio-based materials such as polylactic acid (PLA), or products derived from refined agricultural sources, are proving to be viable adjuncts to fossil-fuel-sourced petroleum-based materials such as polyethylene (PE), and are being used in a wide range of applications from automobiles to food packaging. 1 The use of biodegradable and compostable polymers reduces disposal costs and the need to landfill wastes, and mitigates environmental pollution. 2 The environmental movement in the E.U. and the U.S. has raised awareness of the advantages of using disposable packaging, and science has shown that using annually renewable feedstocks such as biomass, for the production of plastic materials can have both economic and environmental benefits. 3 It is expected that the use of biopolymer plastics could gain a significant percentage, up to 20%, as the bioplastics and packaging markets share grows because of US government mandates to purchase biobased products. Increasing the market share of bioplastics will lessen the environmental impacts of one-time use petroleum-sourced plastics packaging. 1 4 5 Renewed interest in the use of biomaterials harkens back to the use of biomaterial by all indigenous populations the world over, for packaging or as implements. For example, Native Americans fashioned tools from animal proteins. In the more recent times, agricultural products have been experimented with for making plastics such as with soy bean protein, corn protein (zein), and casein (milk protein). These proteins were used to make plastics before the 1950's. [6] [7] [8] Recently, high-performance renewable plastic materials are being developed to replace petroleumbased plastics without compromising functionality. These Improved mechanical properties of reactively extruded and molded composites of polymers with starch, proteins and fiber result from the crosslinking or coupling reactions between components such as starch, proteins, and fiber. 10 Starch and cellulose are the most abundant and cheapest sources of biopolymers and are presently the most commonly utilized to create bioplastics. Starch derived from crops such as corn, wheat, potatoes, tapioca, and rice can be both inexpensive and plentiful. 7 Despite their favorable low cost, abundance, and biodegradability, their use as biomaterials has some functional property limitations. The main limitations are poor water resistance, oxidative instability, and variability in quality; their dominant hydrophilic character, and fast degradation rate results sometimes in unsatisfactory mechanical properties. [11] [12] [13] However, the functionality of such materials can be enhanced by chemical modification or by reactive extrusion, or by combining them with certain protein sources such as whey protein or corn zein. 14 Bioplastic materials thermo-formed from wheat gluten, egg white, and glycerol showed improved mechanical performance; improved re-melt rheological and thermoset properties resulted from mixing glycerol and proteins. 15 Protein-based bioplastics have a high capacity for thermosetting modification because protein denaturation favors the development of a wide variety of materials. Examples include: the use of rice protein to create plastics with linear viscoelastic moduli similar to those of synthetic polymers such as LDPE and HDPE; 16 casting of corn zein plastics with glycerol to increase product flexibility; 17 compression molding of partially denatured feather-meal protein to form plastics; 18 extrusion and molding of keratin obtained from poultry feathers with glycerol, water and sodium sulfite into plastics; 19 and, the use of dairy proteins, whey and casein, to create dairy based bioplastics (DBP) with good mechanical properties. 20 The modulus (stiffness) of such materials are comparable with that of commercial synthetic materials, such as polystyrene, but the materials have lower toughness characteristics, which is a common phenomenon among plastics produced from animal and plant proteins. 16 18 21 This work examines the physical properties, mechanical and thermal properties of composites made from PE or PLA containing DBP. The DBP content of the PE or PLA composites ranged from 0 to 20 wt%.
MATERIALS AND METHODS
The High Density Polyethylene (HDPE) used for this study was purchased from a commercial supplier (www.ides.com/plasticmarketplace). DBP was composed by weight of 40% dairy protein, 30% starch, 20% glycerol as plasticer, 5% cellulosefiber and 5% water as plasticizer. Extrusion of DBP was conducted using a ZSK30 twin screw extruder (Krupp, Werner & Pfleiderer Company, Ramsey, NJ) with nine zones and length to diameter ratio of 30:1. The temperature profile for extrusion was: 35, 35, 35, 50, 75, 80, 80, 70 , and 60 C. Detailed methods were published previously. 20 The extruded dairy-based plastics or dairy bioplastic (DBP) pellets were brownish with moisture content of 6 g/100 g DBP, density 0.64 g/cm 3 , and with size distribution ranging from 200 to 350 m. The thickness of DBP pellets averaged 3.9 mm; peak tensile stress 4.5 MPa; elongation to break 3.0 mm and elastic modulus 4.5 MPa. DBP was combined with PE or PLA at 0, 5, 10, and 20 wt% substitutions, then injection molded; the mold conditions are given in Table I . Prior to injection molding the ASTM D4065 specimen, the pellets were conditioned at 140 C for 2 h. ASTM (D4065) standard strips were produced using a Van Dorn Demag 50 ton injection molding machine (Strongsville, OH) set to melt temperature of 180 C; injection pressure of 20 MPa, and a shot size of 3 mm representing approximately 0.034 kg of material.
Specimen selection for each composite was as follows: 0% DBP/100% PE (or PLA) was injection molded first, Absolute density was determined using a Micromeritics AccuPyc 1330 pycnometer (Micrometrics Instrument Corporation, Norcross, GA). Specimens were prepared from the circular piece of the ASTM D4065 molded composites, weighed and then placed in the pycnometer for analysis. Each sample was measured in triplicates.
A differential scanning calorimeter (DSC) was used to determine thermal profiles in both the modulated and non modulated modes. Thermal properties of the composite plastic blends were measured on a Q100 DSC (TA Instruments, New Castle, DE) for both DSC and modulated DSC (MDSC). Composites specimen were cut into small round pieces of approximately 7 to 15 mg to fit into hermetically sealed aluminum DSC pans. Each specimen was held isothermally at −40 C for 5 min then ramped to 275 C at 10 C/min to determine the typical thermal profile (DSC). Subsequently, modulation mode was done isothermally at −40 C for 5 min, modulated ±0.75 C every 80 s and ramped 3 C/min to 250 C to determine glass transition temperatures (T g in the MDSC.
Dynamic mechanical analysis (DMA) of the ASTM specimens was done using a TA Instrument model Q800 DMA (TA instruments, New Castle, DE) with single cantilever beam. Temperature was maintained using a liquid nitrogen environmental controller. Specimen sizes were nominally 35 mm × 12.7 mm × 3 mm. Storage modulus (E ), loss modulus (E ), and loss tangent (tan were determined over a temperature range of −40 C to 150 C at the heating rate of 3 C/min.
Tensile and flexural properties of composites were measured using a Sintech 2S Materials Testing Machine (MTS, Eden Prairie, MN). Tensile measurements were at the rate of 0.05 m/min using ASTM Standard D638. Flexural measurements were a 3 point flex, and strain of 0.000254 m/m/min according to ASTM Standard D 709 Part A.
Izod impact tests (notched) were conducted according to ASTM Standard D256 Method A using 2J pendulum capacity Resil Pendulum (CEAST, Charlotte, NC).
For confocal fluorescence and reflection microscopy, clean fractured pieces of injection molded strips (∼2 × 5 mm) were immersed in 20 mL aliquots of 2.5% glutaraldehdye-0.1 M imidazole solution (pH 7.0), to crosslink and amplify autofluorescence in protein components, during storage in sealed vials for more than two hours. For imaging, suspensions of the powders were transferred to microwell dishes (MatTek Corp., Ashland, MA) and mounted on the stage of a model IRBE optical microscope system equipped with a 20× phase contrast lens and coupled to a model TCS NT/SP confocal scanner head (Leica Microsystems, Exton, PA). Samples were illuminated with the 488 nm line of an Argon laser and reflection or phase-contrast transmission was collected in one channel, green autofluorescence and in some cases red fluorescence from Nile Red staining was collected in a second and third channel. Overlays of the two or three channels were visualized in extended focus images to resolve the arrangement of components in the injection molded PLA and DBP samples in the Confocal Scanning Laser Microscope (CSLM) images.
RESULTS AND DISCUSSION
Composites of PE or PLA containing different amounts of DBP presented dissimilar levels of difficulty in moldability, with the physical properties such as molded masses and densities being unique upon analysis. For instance, ASTM D4065 specimens of DBP incorporated into PLA were moldable at 5 and 10 wt%, but not at the 20 wt% DBP level, while PE/DBP blends were molded without difficulty at 20 wt% DBP substitution; see data in Table II . Significant increases in moisture content for DBP (Table II) . Gradual increases in density were observed for PE composites with addition of DBP: from 0.95 g/cm 3 (5% DBP/95% PE), 0.96 g/cm 3 (10% DBP/90% PE), to 0.98 g/cm 3 for 20% DBP/80% PE. Density of DBP and PLA composites did not change; values were 1.26 g/cm 3 for both 5% DBP/90% PLA and 10% DBP/95% PLA. DBP was less dense than PE by about 31%; bulk and material densities of DBP/PE composites tended to increase as the amount of DBP added increased (Table II) . Density or specific gravity are key parameters that are needed to design structures for biomaterials and bears important consideration in manufacturing composites; fluctuating specific gravity presented difficulties during the molding process resulting in irregular mold fill. 2 Our observations agree with Rosentrater and Otieno 2 because we noted that fluctuating densities made molding difficult (data not shown).
Relative moisture absorption patterns for composites of PE with DBP or PLA with DBP at 75% relative humidity are presented in Figure 1 . PE or PLA composites containing various mass ratios DBP absorbed moisture differently. Typical sorption patterns for the PE or PLA and DBP composites show minimal moisture uptake, less than 1% of the composite mass after 500 h. Also, the integrity of the composite materials was not compromised by moisture uptake. This moisture uptake data shows that DBP composites of PE and PLA are not readily soluble in water even with mass content up to 20 wt%. Relatively, PLA/DBP composites were more likely to pick up moisture, the amount of moisture increased with increasing mass of DBP in the composites. Over the range of relative humidity examined, from 42% to 97% (data not shown), the faster rate of moisture pickup was observed with DBP/PLA composites, with the rate increasing with the amount of DBP as typified at 75% relative humidity (Fig. 1) . Sun et al. 23 have shown that wheat gluten plastics (gluten: glycerol ratio 100:35) picked up greater than 10% moisture at 52% relative humidity and 16% moisture at 75% in 168 h. These results confirm that bioplastic composites do absorb moisture, but our results show that PE or PLA composites with DBP absorb negligible amounts over a long period. Changes in moisture content of composites can potentially affect their mechanical properties over time; for example, Ma et al. 24 reported loss of tensile strength and elongation at break with about 10% water absorption in glycerol-plasticized pea starch and carboxymethyl cellulose composite. Therefore, reduction in water absorption rates was suggested as means of maintaining mechanical properties. Demirgoz et al. 11 demonstrated increased stiffness in a starch-based polymer by reducing moisture by 15%. Molded composites of starch and polyester poly -caprolactone or polybutylene (50% starch/polyester), moisture uptake increased in composite after 440 h, and tensile strength decreased. 25 One means of limiting moisture uptake is by chemical modification of the biomass which can change their hydrophilic nature, and can improve mechanical properties.
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Molded PE or PLA containing DBP composites showed distinct melt profiles indicated by melt onset, melt peak, melt enthalpy and peak crystallization (Table III) . Melt properties of composites were affected more by the addition of DBP to PLA than to PE. Melt onset shifted downward for PE/PLA composites 4.2 C at 80%PE/20% DBP from 123.0 to 127.2 C; peak melt shifted downward from 1.8 C to 2.1 C from 135.1 to 133.0 C, and melt enthalpy decreased by 8.1 J/kg from 186.0 to 169.9 J/kg. These changes in melt values resulted in alteration to PE properties, and can be assumed to have some effects on melt behavior. This can be seen in their typical patterns in Figure 2 , where shifts in the melt peak of all melt thermograms of PE/DBP composites occured. The greater differences in effects were seen in DBP with higher melt peak (208.92 C) and cold crystallization peak (184.88 C). Though melt onset and enthalpy of PLA with DBP composites were not changed, peak melt increased significantly (p < 0 05) by 3.7 C at 95% PLA/5% DBP and by 2.0 C at 90% PLA/10% DBP (Table III) . Increasing melt peak may represent improvement in hot temperature tolerance, suggesting that biomass can improve the heat tolerance of PLA. Possible improvement in heat tolerance is further supported by the crystallization peaks which show faster reorganization of structures at temperatures as much as 11.6 C for 10% DBP/90% PLA below the control 110.7 C. Melt crystallization properties of the DBP composites of PE or PLA show distinct peak temperatures and different crystallization patterns (Table III) . Melt enthalpy was mostly unchanged for PE, and PE/DBP composites containing 10 wt% DBP. Melt onset and melt peak decreased for PE and PE/DBP composites (Table III) from 127.2 to 123.0 C and from 135.1 to 133.0 C. There were no cold crystallization peaks for PE or PE/DBP composites (Fig. 2) . A large drop in melt enthalpy was observed for PE composite with 20 wt% DBP. Melt onset was higher for PLA 141.3 C but was not changed by the presence of DBP, but melt peak increased significantly with addition of DBP (Table III) , from 148.5 to 152.2 C at 5 wt% substitution with DBP. Melt enthalpy of PLA/DBP were similar, therefore, PLA/DBP composites were mostly unchanged. Melt properties of the blends show lower glass transition, cold crystallization, and melt temperatures, though retaining the same melt profile patterns (Fig. 3) . Peak or cold crystallization peaks were observed with PLA and PLA/DBP composites prior to melting at 110 C (Table III) , with an onset temperature of approximately 100 C. The addition of DBP shifted downward the peak crystallization temperatures as well as the energy released for rearrangement of molecules or cold crystallization. All materials including the composites were not decomposed at 180 C; hence, they all had cold crystallization peaks, indicating rearrangement of molecules. The DBP melted and decomposed without cold crystallization. The addition of DBP to PLA changed several thermal properties. Typical melt crystallization patterns for DBP was at 184.88 C and 110.05 C for 10% DBP/90% PLA. Cold crystallization peaks indicate regions of realignment and transition from amorphous to crystalline phases. No cold crystallization peaks were observed for PE or PE with DBP composites.
RESEARCH ARTICLE
The dynamic mechanical properties of PLA and DBP blends (Table IV) show no clear trends in melt properties, but increases in storage and loss moduli, and tan delta, which indicates reduction in flexibility of the polymers. nonlinear effects with concentration of DBP (Table IV) . Inclusion of DBP up to 10 wt% suppressed melt, but melt temperature increased at 20% DBP/80% PE. Storage modulus at melt decreased up to 10 wt% DBP and increased at 20 wt% DBP in PE. Small increases in loss tangent indicate stiffening effect with the addition of DBP in PE. However, the initial increase in stiffiness at 10% DBP inclusion was replaced with a significant reduction in peak melt and storage modulus, and small increases in loss modulus and tangent delta at 20% DBP inclusion. Reductions in both storage and loss moduli indicate a softer more extensible PE product. Tan delta at measured temperatures show a slight increase with increasing DBP, but a small decrease with the 5% DBP; tan delta decreased from the control, PE. Glass transitions were not determined with PE and DBP composites (Table IV) ; DBP alone had a glass transition peak in the range 53.19 C to 53.45 C. The effect of adding DBP in PE was a reduction of thermal melt transitions. Similar decreases in melt transitions were reported for a composite of PLA and wheat gluten as a result of polymer interaction. 26 Note: DBP appeared to create bubbles within the PE during the molding process. In general, incorporating DBP at 20% level did not change melt temperatures by much, but T g was changed significantly. The glass transition for PE was very low and was not within the temperature range of this experiment; therefore, the glass transitions of these blends were not available.
Incorporating DBP up to 10% into PLA did change the mechanical performance, but at 20% DBP, there was a complete failure of the composites (data not available). PLA melt temperature decreased at 95% PLA/5% DBP and increased at 90% PLA/10% DBP; storage modulus at melt increased significantly to 90.4 MPa at 90% PLA/10% DBP. Stiffening of PLA composites was suggested by increased storage modulus. Glass transition temperatures decreased slightly at 95% PLA/5% DBP, and dramatically at 95% PLA/10% DBP. Tan delta ( increased, indicating stiffening of PLA with addition of DBP. The glass transition temperature of PLA averaged 56.67 C within a short temperature range of approximately 2.1 C. As DBP was added, the glass transition temperature (determined by inflection) shifted slightly downward, as did the start and end temperatures for the glass transition temperatures. Further, the temperature range between the start and end of the glass transition temperature region increased as the amount of DBP is increased, creating a broader transition region. DBP lowered the glass transition temperature start and end points, and broadened the glass transition range of PLA. In general, the effect of adding DBP to PE or PLA was mixed; at particular concentrations, the effect could be either beneficial or detrimental. Others have reported similar effects using different biomass and polymers. For example, Barone et al. 27 reported that compounding HDPE with keratin fiber increased stiffness and lowered tensile breaking properties; Ochi 28 showed increased tensile strength for kenaf fiber/PLA composites, but the experimental values of their mixture was only about 70% of the theoretical values; Finkenstadt et al. 29 reported decreased modulus in composites of PLA with high protein agricultural byproducts of oilseed extracts, lesquerella and milkweed, but increased stiffness with cuphea.
The generalized effect of DBP on tensile properties of either PE or PLA composites was to weaken or reduce the peak load, elongation at peak, and peak load at break (Table V) . Tensile modulus was increased by the addition of DBP to PE or PLA, except at 95% PLA/5% DBP. At 20% DBP, the increases in tensile modulus for both PE and PLA were substantial. Also, the addition of DBP increased PE elongation at peak for PE composites at 5 wt% and 10 wt%. Elongation at peak load, % strain at peak load, and energy at peak load increased for 5 and 10 wt% PE/DBP, but dropped with 20 wt% PE/DBP. Break load decreased with the inclusion of DBP in both PE and PLA. There were no increases in elongation of PLA due to DBP; elongation at break and percent strain decreased with increasing DBP content. Modulus increased with increasing DBP. Peak load, peak stress, elongation at peak load, and energy at peak load decreased with increasing DBP content. The 5 wt% DBP blend decreased in elongation more than the 10 wt% DBP composite. Decreases in elongation were reported previously for reactively extruded PLA/starch matrix; though elongation was improved by the use of a polyethylene-polypropylene glycol copolymer, tensile strength remained weakened. 10 The inherent flexural moduli of the composites were significantly changed with the addition of DBP to PE; no flexural values were obtained for PLA or PLA/DBP composites (Table VI) . Flexural modulus was decreased at all levels of into PE. Flexural peak load decreased significantly at 10 and 20 wt% DBP inclusion; similar pattern was observed for peak stress. Peak strain values were not changed by inclusion of DBP into PE. Similarly to our findings, Jun 10 showed that the mechanical properties of PLA and starch blends were weak due to incompatibility, but that reactive extrusion using diisocyanates as crosslinking agents improved compatibility and tensile strength. The effect of biomass in PLA may depend on the quantity added and how it is distributed within the continuous phase. If the biomass is distributed uniformly in small sizes, it increases strength, but if in non-uniformly distributed large clumps, it weakens the composites. However, the weakening effect of biomass in composites can be mitigated with compatibilizers. For example, the use of compatibilizers such as anhydride groups was shown to enhance the mechanical strength of composites soy protein and polycaprolactone resins. 30 Impact resistance and absorbed energy of the composites were reduced by the addition of DBP to both PE and PLA; though impact resistance and absorbed energy recovered at 80% PE/20 wt% DBP composite, the partial failure of all PE/DBP composites indicate significant interference in their matrices (Table VII) . The effect of DBP on the failure of PE or PLA composites was different; partial for PE, but complete for PLA. PLA composites failed completely, meaning the specimen bars were broken in two. Absorbed energy was mostly the same for PE and PE/DBP composites. Adding DBP to PLA increased absorbed energy from 0.13 to 0.25 J at 90% DBP/10% PLA. The interference or distributions of DBP within the matrices of the composites are shown in Confocal Scanning Laser Microscopy (CSLM) images in Figure 4 . CSLM images show green autofluorescence of the DBP contents and red reflectance of the PLA or PE matrix as the continuous phases of the composites. The PE composite (10% DBP/90% PE) Figure 4 (A) show striated, elongated red fibers with green DBP masses transversing longitudinally in the direction of pull. The striation is the result of the partial impact failure. In contrast, Figure 4 (B) shows PLA composite (10% DBP/90% PLA) with large chunks of red PLA and green clumps of DBP of different sizes, with fracture spaces (dark patches) across the field. PE composites stretched into fibrous masses but did not fail (Fig. 4(A) ); however, PLA composites were brittle and failed completely (Fig. 4(B) ). PLA composites had more uniformly distributed green autofluorescent DBP that suggests more physical binding with PLA; there was evidence of localized clumping of DBP in lump sizes ranging from 20 to 80 m within the PLA continuous phase. Effects of DBP on break load, peak load and impact resistance were similar for all composites.
Proteins have been shown to make good composites with polymers without the need for plasticizers because of their reactive terminals, and hence their superior binding properties; for example, soy protein formed grafts and crosslinks that increased toughness and thermal stability in soy/polyurethane composites; 31 however, Biresaw and Carriere 32 reported that blends of biodegradable polyesters (PLA and PCL) with 25% polystyrene decreased yield stress and modulus. The role of biomass mode of distribution in polymers and the resulting effects of the interfere on mechanical properties deserves further study.
Despite the observed effects of adding DBP to PE or PLA, the idea of polymer blends and composites from renewable resources presents a reasonable compromise on high-quality that has the immediate environmental benefit. This work and others such as 13 21 33 34 demonstrates the improvements in mechanical properties and versatility of such composite products. Limitations posed by the hydrophilic nature of biomaterials such as starch and fibers can be easily surmounted through reactive extrusion and chemical modifications. The increasing use of protein materials that provide reactive terminals for compatibilization resulting in water resistant materials is encouraging. Effort is continuing in improving the quality and properties of unmodified agriculture-sourced materials, their use in composites provide immediate useful products, 35 36 that meets US government mandates for such products.
CONCLUSION
The science and art of incorporating biomass with petroleum-derived polymers or making completely biodegradable polymers is still growing. Because biomaterials are complex in composition and non uniform in structure, making completely-biobased products to replace polymer products with similar functional properties, is challenging.
Blending dairy-based bioplastics with commercial polymers such as PE or PLA may allow for producing plastic materials that are completely biobased and biodegradable. Compared to PE, the stiffness of PLA composites can be modulated by adding dairy protein based biomaterials. Dairy protein-based bioplastic, DBP can be substituted for PE up to 20 wt% and for PLA up to 10 wt% for injection molding with moderate changes in molding conditions and only slight changes in the physical properties of the products. Moldable bioplastic materials containing significant proportion of dairy proteins show improved tensile and melt.
